In plants, ethylene and jasmonate control the defense responses to multiple stressors, including insect predation. Among the defense proteins known to be regulated by ethylene is maize insect resistance 1-cysteine protease (Mir1-CP). This protein is constitutively expressed in the insect-resistant maize (Zea mays) genotype Mp708; however, its abundance significantly increases during fall armyworm (Spodoptera frugiperda) herbivory. Within 1 h of herbivory by fall armyworm, Mir1-CP accumulates at the feeding site and continues to increase in abundance until 24 h without any increase in its transcript (mir1) levels. To resolve this discrepancy and elucidate the role of ethylene and jasmonate in the signaling of Mir1-CP expression, the effects of phytohormone biosynthesis and perception inhibitors on Mir1-CP expression were tested. Immunoblot analysis of Mir1-CP accumulation and quantitative reverse-transcriptase polymerase chain reaction examination of mir1 levels in these treated plants demonstrate that Mir1-CP accumulation is regulated by both transcript abundance and protein expression levels. The results also suggest that jasmonate functions upstream of ethylene in the Mir1-CP expression pathway, allowing for both lowlevel constitutive expression and a two-stage defensive response, an immediate response involving Mir1-CP accumulation and a delayed response inducing mir1 transcript expression.
Ethylene (ET) and jasmonate (JA) are widely studied phytohormones observed to accumulate in plants in response to wounding and pathogen and herbivore attack, as well as other biotic and abiotic stresses (Creelman and Mullett 1997; Wang et al. 2002; Wasternack et al. 2006; Howe and Jander 2008) . Both hormones have been shown to mediate various defense responses either individually or coordinately, including induced systemic resistance (Dong 1998; Maleck and Dietrich 1999; Adie et al. 2007; Shinshi 2008) . The coordinated crosstalk between ET and JA has been demonstrated to converge at the transcriptional activation of ERF1 (Lorenzo et al. 2003) or CEJ1 (Nakano et al. 2006) . In addition to integrating with each other, ET and JA act coordinately with other plant hormones, including salicylic acid (SA) and abscisic acid (ABA), through a complex network to induce a myriad of defense responses (O'Donnell et al. 1996; Lorenzo and Solano 2005; Lorenzo et al. 2003; Robert-Seilaniantz et al. 2007; López et al. 2008; Spoel and Dong 2008) . However, the mode of interaction of JA and ET varies depending on the elicitor triggering the signal transduction, the target gene expressed, and the plant species.
JA or its volatile methyl ester (methyl jasmonate [MEJA] ) has been reported to stimulate ET production in several plants, including tomato (O'Donnell et al. 1996) , tobacco (Xu et al. 1994) , and Arabidopsis (Penninckx et al. 1998) . Although observed to occur at a much lower frequency, ET has also been reported to stimulate JA production (O'Donnell et al. 1996) . In contrast to these sequential activations, concomitant activation of JA and ET response pathways mediate the induction of the defensin gene in Arabidopsis (Penninckx et al. 1998) . Regardless of the sequence of activation, ET and JA appear to interact synergistically in the majority of defense responses (Xu et al. 1994 , O'Donnell et al. 1996 , Laudert and Weiler 1998 , Lorenzo et al. 2003 , Zhao et al. 2004 ). However, ET has also been shown to function antagonistically to suppress JA-induced gene expression in nicotine biosynthesis (Shoji et al. 2000) and in wounded leaves of Arabidopsis (Rojo et al. 1999) . Similarly, the phytohormone SA has been shown to be antagonistic to both JA and ET (Doares et al. 1995; Iverson et al. 2001; Spoel et al. 2003) . The balance of these two phytohormones is critical in the defense response and their coordination is potentially unique in every plant species and, additionally, may be specific within a species for each pathogen or insect (Pieterse and Dicke 2007) .
Successful defense, which may be mediated by these signal molecules, depends on both constitutive and induced defense mechanisms (Mauricio et al. 1997; Buell 1998) . Constitutive defenses are present whether or not plants are attacked by pathogens or herbivores whereas induced defenses are produced only after attack or are produced in greater amount after attack (Mauricio et al. 1997; Buell 1998) . Both types of mechanisms are costly for the plant due to the diversion of nitrogen and carbon from vegetative and reproductive growth to effective defense responses (Baldwin 1998; Baldwin and Preston 1999) . Thus, plants must maintain a balance between vegetative growth and constitutive defense to maintain maximum fitness; inducible defenses are assumed to compromise plant fitness less because they only require plant resources after pathogen or herbivore assault (Agarwal 1998) . By balancing constitutive and induced defense responses, the plant may combat insect predation without sacrificing vegetative growth and reproduction. In addition, the early signaling events triggered at the plant-insect interface (which eventually lead to the defense responses) add to this balance by aiding herbivore recognition (Maffei et al. 2007 ).
Although the ET-and JA-regulated defense pathways have been extensively studied in the model plant Arabidopsis and other dicots, far less is known about their role in regulating direct herbivore defenses in monocots, especially maize. This study examines the interaction of these two phytohormones in regulating herbivore defense in an insect-resistant maize inbred line, Mp708. This line was developed to withstand herbivory by the fall armyworm (FAW) (Spodoptera frugiperda) and other lepidopteran caterpillars. The germplasm used in breeding Mp708 originated in Antigua, where farmers probably selected it for resistance to several insect pests for many generations. Multiple trait analysis and quantitative trait loci (QTL) mapping have shown that several genes known to confer resistance to several lepidopteran insects and related pests have been successfully bred into Mp708 (Brooks et al. 2007 ). Thus, Mp708 possesses typical maize fitness traits and the additional trait of maintaining readiness for resisting insect attack. It appears to achieve this, in part, by constitutive expression of the maize insect resistance-1-cysteine protease (Mir1-CP), whose locus lies in one of the resistance QTL to FAW (Jiang et al. 1995; Brooks et al. 2007 ). Mir1-CP is encoded by a single-copy gene, mir1, located on chromosome 6 of the maize genome (Pechan et al. 1999) . Mir1-CP is constitutively expressed at low levels prior to insect feeding and increases upon herbivore attack (Pechan et al. 2000) . When infested with FAW larvae, increased Mir1-CP accumulation occurs at insect feeding site (Pechan et al. 2000) . Once ingested, the proteolytic activity of Mir1-CP damages the insect's peritrophic matrix, impairing nutrient utilization (Chang et al. 1999; Pechan et al. 2002 Pechan et al. , 2004 Mohan et al. 2006 Mohan et al. , 2008 . Although Mir1-CP accumulates in the leaves and whorl region by as early as 1 to 4 h in response to herbivory (Pechan et al. 2002) , a corresponding increase in mir1 transcript levels has not been observed during these early time points (R. Shivaji and A. A. Luthe, unpublished data) . It has been proposed that the accumulation of Mir1-CP in the whorl during the first 24 h of foliar feeding by FAW is due to its importation from the roots (López et al. 2007 ). This was supported by three observations: i) immunolocalization data indicating that Mir1-CP is present in maize vascular tissues (López et al. 2007) , ii) root removal that prevents Mir1-CP accumulation in the whorl (López et al. 2007) and iii) immunoblot data showing that Mir1-CP is in the xylem sap (O. Pechanova and D.S. Luthe, unpublished data) . It has been proposed that herbivore feeding in the whorl caused the transmission of a signal to roots, resulting in the below-ground accumulation of Mir1-CP and its subsequent export to the caterpillar feeding site (López et al. 2007) .
It has previously been established that ET synthesis and perception are essential for the accumulation of Mir1-CP and its transcript in response to herbivory in Mp708 (Harfouche et al. 2006 ). Blocking ET synthesis or inhibiting ET perception reduced the accumulation of Mir1-CP and its transcript mir1 in response to insect herbivory (Harfouche et al. 2006 ) and increased plant susceptibility to FAW, as shown by the high relative larval growth rate and increased foliar damage (Harfouche et al. 2006) . However, ET signaling often depends on a complex relationship with JA. With the establishment of the role of ET signaling and the suggested systemic induction of Mir1-CP accumulation in roots in response to foliar herbivory, we predicted a possible role of JA in the accumulation of Mir1-CP. Thus, the present study was conducted to investigate the roles of JA and ET in the observed increased accumulation of Mir1-CP in the absence of increased mir1 transcript levels during the first 24 h of herbivory. Therefore, we employed a pharmacological approach to investigate the role of JA signaling and its interaction with ET in regulating Mir1-CP accumulation.
RESULTS

Exogenous ET or MEJA induces mir1 transcript and Mir1-CP accumulation in leaves.
Previous studies with ET synthesis and perception inhibitors have shown that ET has a role in the regulation of Mir1-CP accumulation (Harfouche et al. 2006 ). To further investigate the possible role and interaction of JA, maize plants were treated with exogenous ET or MEJA and leaf samples were collected 0, 6, 12, and 24 h after treatment. Immunoblot analyses with total protein extracts showed that exogenous ET increased Fig. 1 . Maize insect resistance 1-cysteine protease (Mir1-CP) accumulation in response to exogenous A, ethylene (ET); B, methyl jasmonate (MEJA); and C, fall armyworm (FAW) feeding. Plants were sprayed with A, 3 mM 2-chloroethylphosphonic acid (CEPA), which releases ET or B, MEJA, and samples were collected from the whorl region after 0, 6, 12, and 24 h. C, Samples were also collected from untreated control plants after 0, 6, 12, and 24 h of feeding by FAW. Immunoblot analysis was carried out using antibodies developed against Mir1-CP. Protein isolated from callus generated from Mp708 embryos was used as positive control and 15 µg of total protein extract was loaded in each lane. The molecular mass of Mir1-CP is 33 kDa, as indicated by the arrow in the left margin.
Mir1-CP accumulation 6 h after treatment (Fig. 1A) . Accumulation of Mir1-CP appeared to peak at 6 h and slightly lower levels were detected at both the 12-and 24-h time points. Similarly, immunoblot analysis of MEJA-treated plants revealed increased Mir1-CP accumulation at 6 h. Unlike during ET treatment, levels of Mir1-CP appeared to increase with time during the MEJA treatment (Fig. 1B) , mimicking the plant response to FAW feeding (Fig. 1C) . Clearly, both ET and MEJA treatments positively contribute to the accumulation of Mir1-CP. However, when quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) examinations of the mir1 transcript levels were performed under these same conditions, no increase was detected until 24 h after ET or MEJA treatment ( Fig. 2A and B) . To validate the observed difference in transcript and protein expression of Mir1-CP, transcript levels of the maize proteinase inhibitor mpi also were measured.
Maize proteinase inhibitor (MPI) is a well-characterized defense protein that accumulates by as early as 4 h after mechanical wounding, insect feeding, or pathogen infection (Cordero et al. 1994) . Previous examinations of mpi have established that its transcript levels increase in response to MEJA (Cordero et al. 1994) . Although the effects of ET on mpi transcript levels have not been previously reported, ET has been reported to increase transcript levels of several related proteinase inhibitors (Margossian et al. 1988) . Therefore, relative mpi transcript abundance also was measured in the ET-and MEJA-treated samples to determine if they were regulated in a manner similar to those of mir1. As described by Cordero and associates (1994) , mpi transcript levels increased in Mp708 in response to MEJA, as well as in response to ET, by as early as 6 h ( Fig. 2C and D), unlike the mir1 transcript levels, which remained unchanged until 24 h. These comparative qRT-PCR studies of mir1 and mpi transcript abundance show that there are temporal differences in their accumulation and substantiate our findings of unchanged mir1 transcript levels in response to MEJA and ET treatment during early time points of the study.
JA biosynthesis inhibitors reduce Mir1-CP accumulation in maize leaves in response to larval damage.
To confirm the observed role of JA signaling pathway in the induction of Mir1-CP accumulation, varying concentrations (1, 3, and 5 mM) of the lipoxygenase inhibitor ibuprofen (IBU) were applied to maize plants to block the octadecanoid pathway leading to JA biosynthesis. Several similar studies in rice, barley, soybean, and maize have been performed to investigate JA-and MEJA-induced genes using IBU (Doherty et al. 1998; Staswick et al. 1991; Nojiri et al. 1996; Ortel et al. 1999; Oikawa et al. 2001) . At 24 h post IBU treatment, plants were infested with six to eight FAW larvae. Samples were collected after 24 h of insect predation and analyzed by immunoblotting to determine Mir1-CP expression patterns. Relative to the control plants, Mir1-CP accumulation was reduced at all IBU concentrations, with the greatest inhibition seen with 5 mM IBU (Fig. 3 ).
Blocking hormone signaling reduced mir1 transcript levels and increased insect predation.
To determine whether JA and ET act synergistically, production of mir1 message and larval performance during whorl predation were studied in the presence of hormone inhibitors ( Fig.   Fig. 3 . Effect of ibuprofen (IBU) on maize insect resistance 1-cysteine protease (Mir1-CP) accumulation in response to fall armyworm (FAW) feeding. Plants were treated with 0, 1, 3, or 5 mM IBU for 24 h and then infested with FAW larvae for another 24 h before sample collection. Immunoblot analysis was carried out using antibodies raised against Mir1-CP. Protein isolated from callus generated from Mp708 embryos was used as a positive control and 15 µg of total protein extract was loaded in each lane.
Fig. 2. Effects of exogenous ethylene (ET)
and methyl jasmonate (MEJA) on the accumulation of A and B, mir1 and C and D, mpi transcripts. cDNA was isolated from leaf tissue collected from the whorl region of Mp708 plants sprayed with 3 mM 2-chloroethylphosphonic acid, which releases ET or MEJA. Quantitative reverse-transcriptase polymerase chain reaction analysis was performed using ubiquitin expression levels to normalize the target gene expression. The data represented are mean values with error bars (± standard deviation, n = 6). 4). Although the effect of ET inhibitors alone on mir1 transcript levels have been previously studied (Harfouche et al. 2006) , their effect in association with JA inhibitors has not been tested. To investigate any probable interaction of the ET and JA pathways in mir1 induction, plants were pretreated with either 1-methylcyclopropane (MCP, commercially available as Ethylbloc) to block ET perception, IBU to block the JA pathway, or both for 24 h prior to FAW larval infestation. One set of plants was treated with 1 mM SA for 24 h. SA has been reported to inhibit the biosynthesis of JA and its signaling pathway in tomato plants by potentially inhibiting the enzymatic activity of allene oxide synthase (Peña-Cortés et al. 1993; Doares et al. 1995) . In the same study, SA was shown to significantly inhibit the induction of proteinase inhibitor genes in tomato in response to JA. However, in a different study, JA and SA have been observed to produce similar inducing effects on a different lipoxygenase ZmLOX10 (Nemchenko et al. 2006; Gao et al. 2008) , indicating that JA and SA are not always antagonistic.
After 24 h of FAW feeding, mir1 transcript levels in the inhibitor-treated plants were significantly reduced relative to control samples (Fig. 4A) . The mir1 transcript levels decreased three-to fourfold in response to MCP treatment, similar to earlier studies conducted by Harfouche and associates (2006) . Blocking ET perception, the JA biosynthesis pathway, or both equally reduced mir1 transcript levels, indicating that both signaling pathways are involved in its accumulation. Critically, blocking either of these hormone pathways rendered the maize plants susceptible to FAW larval feeding, as seen by the enhanced larval growth rate and increased leaf damage ( Fig. 4B and C). Although treatment with both inhibitors did not significantly reduce transcript levels more than the application of a single hormone, the significant increase in FAW growth rate and leaf predation ( Fig. 4B and 4C ) clearly indicate that ET and JA are needed for the insect defense response shown by the maize genotype Mp708.
ET can induce Mir1-CP accumulation in the absence of the octadecanoid pathway to signaling.
To evaluate the relationship between JA and ET in the signaling of Mir1-CP accumulation, the effect of exogenous ET in the absence of JA signaling was examined (Fig. 5) . Maize plants were pretreated with 5 mM IBU or 1 mM SA for 24 h before the exposure to exogenous ET. Because the results with SA were similar to those of IBU, they are not reported here. After 24 h of IBU treatment, plants were exposed to exogenous ET for 6 or 24 h. Controls of ET, IBU, and FAW feeding as well as untreated plants were collected at the same time. Additionally, to compare the expression of Mir1-CP protein in the inhibitor-treated plants in response to FAW damage, a set of IBU pretreated plants was subjected to 24 h of larval feeding and collected. When the octadecanoid pathway was blocked, Mir1-CP levels decreased compared with control plants, as seen in the IBU-treated plants. In fact, 24 h of FAW herbivory on IBU-treated plants failed to induce Mir1-CP (Fig. 5A ) and mir1 transcript accumulation (Fig.  5B ). However, a subsequent application of ET for 6 h partially reversed the effects of IBU and resulted in increased Mir1-CP expression (Fig. 5A ) but the same treatment did not result in any significant increase in mir1 transcript levels until 24 h (Fig. 5C ). This indicates that ET can stimulate the accumulation of Mir1-CP in the absence of JA signaling and probably functions down- Fig. 4 . Effect of hormone inhibitors on A, the relative abundance of feedinginduced mir1 transcripts; B, larval growth rate; and C, foliar damage in the maize genotype Mp708. Fall armyworms (FAW) were allowed to feed for 24 h on plants treated with the jasmonate (JA) pathway inhibitors ibuprofen (IBU) or salicylic acid (SA), ethylene perception inhibitor 1-methylcyclopropane (MCP), as well as on plants treated simultaneously with MCP and IBU or MCP and SA. The control was a set of untreated plants subjected to larval infestation for 24 h. A, cDNA was synthesized from leaf tissue harvested from the whorl region and quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) was performed to detect mir1 transcripts. Ubiquitin was used as the reference gene for normalization of qRT-PCR data. B, The larvae were weighed before and after foliar predation and the relative growth rate (RGR) was calculated according to Waldbauer's equation (1968) ; RGR = (total final weight -total initial weight)/average weight per day. C, Foliar damage after herbivory is represented as length of the damaged area, as indicated by the numbers and arrows. The data represented are mean values with error bars (± standard deviation, n = 6).
stream from JA to regulate Mir1-CP accumulation. However, this is not necessarily the case for mir1 transcript levels, which did not increase in response to ET treatment in the presence of IBU until 24 h of ET treatment. This suggests that prolonged ET treatment can overcome the effects of the IBU block of the JA pathway and cause the accumulation of Mir1-CP and its transcripts.
MEJA treatment has no effect on mir1 transcript and Mir1-CP protein levels in ET-perception-blocked Mp708 plants.
To investigate whether JA alone can induce mir1 transcripts or Mir1-CP in the absence of ET signaling, plants pretreated (Fig. 6A and B) , even though JA treatment increased their abundance in control plants. These results show that blocking ET signaling prevents the accumulation of both Mir1-CP and its transcripts. This block cannot be overcome with JA treatment. If ET and JA were acting coordinately, we would expect JA treatment of MCP-inhibited plants to restore Mir1-CP and mir1 accumulation just as ET treatment of IBU-inhibited plants did in the experiments shown in Figure 5 . However, this was not the case, and suggests that JA acts upstream from ET signaling.
DISCUSSION
Plants, which exhibit a sessile lifestyle, encounter numerous microbial and insect pests. Although these pests are armed with a diverse array of strategies to damage plants, plants, in turn, are equipped with myriad defense mechanisms to protect themselves from these attacks (Walling 2000) . These various defenses can divert energy resources, reducing the overall fitness of the plant. Therefore, elaborate regulatory mechanisms to balance static (constitutive) defenses and active (induced) defenses and minimize fitness costs while optimizing resistance are needed (Agarwal 1998; Pieterse and Dicke 2007) . One such defense strategy is exhibited by the insect-resistant maize genotype Mp708.
The caterpillar-resistant maize genotype Mp708 expresses the defense protein Mir1-CP in response to lepidopteran larval predation. Low levels of Mir1-CP are constitutively expressed in Mp708 plants but higher levels of the protein accumulate at the wound site in response to feeding by lepidopteran larvae (Pechan et al. 2000) . Although Mir1-CP accumulation increases and C, mir1 transcript levels. Plants pretreated with 5 mM ibuprofen (IBU) for 24 h were further subjected to treatment with ET (3 mM 2-chloroethylphophonic acid) for 6 h or fall armyworm (FAW) feeding for 24 h before sample collection. A and B, A set of plants for each single treatment-IBU (24 h), ET (6 h), or FAW feeding (24 h)-was also collected. Control plants not treated with hormone or inhibitor were treated with sterile water throughout the experiments. Tissue was collected from the whorl region. A, Immunoblot analysis of Mir1-CP accumulation was carried out using total protein extract and B and C, quantitative reversetranscriptase polymerase chain reaction (qRT-PCR) was carried out using cDNA to quantify mir1 transcript abundance. Ubiquitin was used as the reference gene for relative quantification of qRT-PCR data. The data represented are mean values with error bars (± standard deviation, n = 6). ) and B, mir1 transcripts when ethylene perception was inhibited. Plants were treated with 1-methylcyclopropane (MCP) in buffer or with buffer alone for 24 h and then were treated with either MEJA or sterile water for an additional 24 h. Plants pretreated with releasing buffer followed by 24 h of sterile water treatment were used as control plants. A, Tissue was collected from the whorl region and immunoblot analysis was carried out with 15 µg of total protein loaded in each lane and B, mir1 transcript abundance was quantified using (qRT-PCR) analysis. Ubiquitin was used as the reference gene for normalization of qRT-PCR data. The data represented are mean values with error bars (± standard deviation, n = 6).
within a few hours of insect infestation (Pechan et al. 2000) , transcript levels have not been found to increase commensurably. To understand this apparent discrepancy between protein and transcript levels and to elucidate the signal transduction pathway of this protein, we investigated the role of two defense-signaling phytohormones in the regulation of Mir1-CP expression.
In a prior study, it was shown that ET biosynthesis and perception were necessary for Mir1-CP accumulation (Harfouche et al. 2006 ) and disruption of this pathway resulted in increased susceptibility to FAW. If blocking ET synthesis and perception prevents Mir1-CP accumulation, then one would expect treatment with exogenous ET to enhance its accumulation. The results reported here clearly show that this is the case, and treating plants with exogenous ET increased the abundance of both Mir1-CP transcripts and protein. However, appearance of the protein occurred faster (6 h) than the message (24 h). Similarly, exogenous MEJA application also increased Mir1-CP accumulation. Alternatively, plants pretreated with JA pathway inhibittors and challenged with FAW accumulated less Mir1-CP, in a dose-dependent manner, confirming the involvement of the JA pathway in Mir1-CP accumulation (Fig. 3) . Blocking ET and JA pathways singly or simultaneously resulted in an equal reduction of mir1 transcript levels ( Fig. 4A ) and increased FAW larvae consumption of foliage and growth rates ( Fig. 4B and C) .
ET has been shown to function antagonistically to suppress JA-induced gene expression in nicotine biosynthesis (Shoji et al. 2000) and JA-responsive genes JR1 and JR2 in wounded leaves of Arabidopsis (Rojo et al. 1999 ). However, concomitant activation of ET and JA pathways is seen in expression of PDF1.2 in Arabidopsis during pathogen infection (Penninckx et al. 1998 ). In addition to acting coordinately, it is possible that sequential activation of one hormone by the other is possible. Several instances have been reported where JA signaling induced ET production, which subsequently mediated defense gene expression. One example of this is the production of defensive phenolic compounds by polyphenolic parenchyma cells in conifer phloem (Hudgins and Fransceschi 2004) . ET functioning upstream of JA appears to be far less common but is still a mechanism that must be considered (O'Donnell et al. 1996) .
In the case of Mir1-CP expression, it appears that ET functions downstream from JA. We propose this model (Fig. 7) because of the following observations. When plants were treated with exogenous ET, both Mir1-CP and its transcripts accumulated in response to the treatment. However, when pretreatment of Mp708 plants with MCP blocked ET perception, there was no significant accumulation of Mir1-CP or its transcripts in response to FAW feeding. Furthermore, the application of exogenous MEJA to plants with blocked ET perception could not overcome the block in the pathway and there was no accumulation of Mir1-CP or its transcripts (Fig. 6) . If MEJA acts downstream of ET, one would expect that MEJA treatment would trigger the accumulation of Mir1-CP and its transcripts even when ET perception is blocked; however, this was not the case. In the reciprocal experiment, plants were pretreated with IBU to block the JA synthesis pathway. When this pathway was blocked, FAW feeding could not induce the accumulation of Mir1-CP or its transcripts (Fig. 5) . However, exposing these plants to ET for 6 to 24 h reversed this inhibition and Mir1-CP and its transcripts accumulated in the absence of FAW feeding (Fig. 5) . These results, indicating that ET can overcome the block imposed by IBU treatment but that MEJA cannot overcome a block in the ET signaling pathway, suggest that ET acts downstream of JA. This appears to rule out the possibility of JA and ET acting simultaneously and implies that JA functions upstream of ET in this maize genotype.
ET-dependent accumulation of Mir1-CP does not appear to depend on increased mir1 transcript levels. This suggests that post-transcriptional or post-translational regulation accounts for the rapid increase in Mir1-CP abundance. We propose that the constitutively expressed mir1 transcripts await a secondary signal mediated by ET for eventual expression of Mir1-CP. Similar regulation is observed in the E17 gene of tomato plants, which is both transcriptionally and post-transcriptionally regulated by ET (Lincoln and Fischer 1988a and b) . In the investigation of E17, it was reported that basal levels of ET are sufficient to activate gene expression whereas increased levels of ET are required for post-transcriptional modification, resulting in subsequent transcript accumulation (Lincoln and Fischer 1988a and b) .
In light of these observations, we propose a possible signal transduction pathway model detailing the interaction of the two major phytohormones, ET and JA, and the inhibitors studied in the regulation and induction of Mir1-CP (Fig. 7) . The signaling pathway is initiated by herbivory and the possible release of an unknown elicitor, which may be derived from the plant, the insect, or both. We propose that the elicitor stimulates the JA pathway and transduces responses downstream via ET. ET regulates both mir1 transcript and Mir1-CP accumulation. Therefore, the defense response involving Mir1-CP production is two-pronged, with a constitutively maintained active pathway for the expression of relatively high basal levels of mir1 transcripts and a rapid induction and accumulation of Mir1-CP mediated by ET. A similar constitutively active JA pathway has been shown to be responsible for the expression of several defense-related genes, including VSP1, VSP2, THI2.1, PDF1.2, and CHI-B, in the CEV1 mutants of Arabidopsis (Ellis and Turner 2001) . This two-stage response of Mir1-CP accumulation in response to herbivory to some extent exemplifies the involvement of early wound-response genes activated within 30 min to 2 h (Ryan 2000) and late wound-response genes activated approximately 24 h after insect infestation (Howe 2004) . LapA is one such late wound-response gene acting downstream from JA in tomato during wound response (Howe 2004; Fowler et al. 2009) The existence of a second mode of regulation provides a rationale for the previous results observing Mir1-CP accumulation at the wound site within 1 h of larval infestation (Pechan et al. 2002) . This rapid accumulation of the defense protein is many times faster than that of other plant defense proteins, which require both transcription and translation for expression and can require 8 to 12 h for maximum expression (Ryan 2000) . Therefore, we speculate that the insect-resistant maize genotype Mp708 constitutively expresses mir1, which is then post-transcriptionally or post-translationally regulated by ET, leading to the accumulation of Mir1-CP at the feeding site.
This molecular model of Mir1-CP regulation can be superimposed on a spatial model for defense signaling in Mp708 that appears to involve above-and below-ground communication that has previously been reported for maize (Erb et al. 2008) . Immunolocalization indicated that low levels of Mir1-CP are present in the vascular elements of the maize whorl and roots prior to herbivory (López et al. 2007) . After 24 h of FAW feeding in the whorl, Mir1-CP levels increase in both of these organs. If the roots are excised prior to FAW feeding, far less Mir1-CP accumulates in the whorl (López et al. 2007 ). These observations lead to a model in which FAW feeding sends a signal, possibly JA, to the roots that results in the accumulation of Mir1-CP. Then, in turn, Mir1-CP may be exported to the whorl during the initial stages of FAW feeding. This hypothesis of Mir1-CP translocation from the roots appears to explain the lag between the rapid accumulation of Mir1-CP and the delayed increase in its transcripts. Although it has not yet been established, we suspect that JA or its conjugate could be responsible for the long-distance signaling that triggers mir1 transcript accumulation not only at the feeding site but also in parts of the plant systemic to the wound site, as observed by López and associates (2007) . This would allow for subsequent translocation of the protein to the wound site. Reciprocal grafting experiments conducted in tomato plants support the idea that JA or its derivatives probably act as phloemmobile signal aiding in systemic signaling (Schilmiller and Howe 2005; Howe and Jander 2008) . Unfortunately, there currently are no techniques that can be used for successfully grafting maize plants.
Determination of the molecular components mediating this defense response and characterization of the interactions among these signaling pathways is essential for enhancing resistance to herbivores. This study helps to better understand the signaling events leading to insect defense in maize and exemplifies the strategic potency of the plants to survive herbivory.
MATERIALS AND METHODS
Plant growth and FAW rearing.
The insect-resistant maize (Zea mays) inbred line Mp708 (Williams et al. 1990 ) was used for this study. All plants were grown at the Plant Science Research Center, Mississippi Agricultural and Forestry Experiment Station (Mississippi State University) under greenhouse conditions. Seed were soaked in sterile water for 5 to 10 min and washed thoroughly before sowing. Four seeds were placed together in potting soil (Bacto Premium Potting Soil; Michigan Peat Company, Houston, TX, U.S.A.) in each pot and were collected together as one single biological replicate. Three such biological replicates were analyzed for each treatment of the experiment and each experiment was repeated twice. Plants were maintained in a greenhouse at a maximum day temperature of 33.1°C and a minimum night temperature of 26.3°C and watered as needed. Plants in midwhorl (V8) developmental stage (four to five weeks old) (Ritchie et al. 1986 ) were selected for FAW infestation or hormone treatment. FAW (S. frugiperda) larvae were provided by the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) Insect Rearing Laboratory (Starkville, MS, U.S.A.). FAW were reared in 30-ml plastic insect diet cups (Bio-Serv, Frenchtown, NJ, U.S.A.) for 5 days under a photoperiod of 16 h of light and 8 h of darkness at 26.6°C on an artificial diet (Davis 1976 (Davis , 1989 . This corresponded to the third instar larvae stage, when each larva weighed approximately 10 to 12 mg. As described below, this stage was used for plant infestation experiments.
Hormone and hormone inhibitor applications.
The effect of exogenous ET was studied by spraying plants with 50 ml of 3 mM 2-chloroethylphophonic acid (CEPA), commercially available as Ethephon (C0143; Sigma-Aldrich, St. Louis). The concentration of CEPA (3 mM) used in these studies is an intermediate dosage compared with the 1-and 10-mM concentrations used in studies conducted in apple seedlings (Poupard et al. 2003) . ET perception was blocked using MCP, commercially available as Ethylbloc (Floralife, Waterloo, SC, U.S.A.). The Ethylbloc solution was prepared at a final concentration of 5 mg/liter by dissolving 450 mg of the Ethylbloc powder in 9 ml of the releasing buffer supplied by the manufacturer (Harfouche et al. 2006) . A beaker containing this solution was placed within a 3-by-1-by-1-inch plexiglass chamber that enclosed a pot containing four plants, as described by Harfouche and associates (2006) . MEJA was supplied as vapors to study the expression of Mir1-CP in response to induced JA signaling. MEJA (Bedoukian Research Inc., Danbury, CT, U.S.A.) was diluted 10-fold with ethanol to make a 10% MEJA stock (vol/vol) stored at -20°C and a fresh working solution of 0.01% (vol/vol) was prepared with sterile water as needed. A beaker containing 50 ml of 0.01% MEJA solution was placed within the plexiglass chamber; the plants were exposed to the MEJA for a period of 6, 12, or 24 h; and tissue samples were collected as described previously. To block the JA biosynthesis pathway, 1, 3, and 5 mM IBU solutions (I1892; Sigma-Aldrich) or 1 mM SA in the form of sodium salicylate (13316; SigmaAldrich) solution were sprayed on the leaves (Molina and Olmedo 1993) .
Insect infestation and sample collection.
After the plants were exposed to the respective hormone treatments, they were either harvested immediately or subjected to insect infestation. For insect infestation, seven to eight larvae, each weighing approximately 10 to 12 mg, were carefully placed in the whorls of the plants, and the plants were covered with the previously described plexiglass chambers. After 24 h, the FAW larvae were collected and relative growth rate was calculated as RGR = (total final weight -total initial weight)/ average weight per day (Waldbauer 1968) . Tissue from the yellow-green midwhorl region was collected after hormone, hormone inhibitor, and FAW treatments; immediately frozen in liquid nitrogen; and stored at -80°C for later analyses. Four biological replicates were performed and collected for each treatment and each experiment was performed twice. In FAWinfested plants, whorl tissue within a 1-cm radius of insect damage was also collected and processed. All plants, unless otherwise mentioned, were maintained intact in soil until time of collection.
Protein extraction and immunoblot analysis.
For protein extraction, frozen whorl tissue from each treatment and control were thoroughly ground in liquid N 2 using a mortar and pestle. A total of 2× Laemmli sodium dodecyl sulfate (SDS) sample buffer (Laemmli 1970 ) was added to the ground sample and homogenized. Thawed homogenates were boiled in water for 5 min, vortexed, and centrifuged at 13,000 × g for 5 min to remove cellular debris. The supernatants containing the dissolved proteins were collected and stored at -20°C for further analyses. Total protein concentration in each sample was determined by RC DC protein quantification assay (Bio-Rad Laboratories, Hercules, CA, U.S.A.) using bovine serum albumin as standard. The isolated protein samples were separated on a 12% polyacrylamide gel using a discontinuous buffer system (Laemmli 1970) . A total of 15 µg of protein was loaded in each lane except for the positive control. For positive control, 2 µg of total protein extract from callus generated from Mp708 embryos was used. Mp708 callus tissue has been shown to constitutively overexpress Mir1-CP (Jiang et al. 1995) . All gels were run in duplicate at a constant voltage of 50 V for 45 min followed by 70 V until the tracking dye reached the bottom of the gel. After SDS polyacrylamide gel electrophoresis was complete, proteins were transferred to nitrocellulose membranes using an ABN Polyblot system (American Bionetics, Hayward, CA, U.S.A.). Following transfer, the membrane-bound proteins were immunodetected using primary monoclonal antibodies against Mir1-CP prepared as described by Pechan and associates (2000) , using a secondary HRPconjugated goat anti-mouse antibody. The enhanced signals from immunoreacting proteins were detected by chemiluminescence using Supersignal West Femto Maximum Sensitivity Substrate (34096; Pierce, Rockford, IL, U.S.A.).
RNA extraction, quantification, and analysis.
Using a ball-mill tissue grinder (Genogrinder 2000; Spex Centriprep Inc., Metuchen, NJ, U.S.A.), 100 mg of each frozen tissue sample was pulverized for 2 min at 1,100 strokes/min in polyET vials prechilled with liquid nitrogen in an aluminum block within a cryo-station (Spex Centriprep Inc.). To the ground sample, 1 ml of Purazol (Bio-Rad Laboratories Inc.) was added before an additional 30 s of homogenization on the Genogrinder. The homogenized samples were processed for total RNA using the Aurum Total RNA fatty and fibrous tissue packs (Bio-Rad Laboratories Inc.) as per the manufacturer's protocol. Briefly, after application of the supernatant, on-column DNase I digestion is performed to remove genomic DNA contamination and the resulting RNA is eluted using the RNA elution buffer provided with the extraction kit. Aliquots of purified RNA samples were stored for further analyses at -80°C.
All RNA samples were quantified using a Nanodrop Spectrophotometer ND-1000 purchased from NanoDrop Technologies, Inc. (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) and RNA quality was visually inspected by 1.0% agarose gel electrophoresis. In total, 500 ng of RNA was used as template for first-strand cDNA synthesis using the Thermoscript RT-PCR system (Invitrogen Corporation, Carlsbad, CA, U.S.A.). Differential mRNA expression was quantified and analyzed by real-time PCR performed on a Roche Lightcycler 2.0 PCR instrument (Roche Applied Science, Indianapolis, IN, U.S.A.) using the Lightcycler Fast start DNA Master PLUS SYBR Green I kit (Roche Applied Science). The final reaction mix consisted of 1 µl of cDNA sample, corresponding to 25 ng of total RNA, and 9 µl of the PCR master mix to make a final reaction volume of 10 µl. The qRT-PCR was performed individually using specific primer pairs for each target gene studied (Table 1) . Two technical replicates were run for each gene along with the reference gene with the following cycle parameters: preincubation for 10 s at 95°C, followed by 45 cycles of amplification consisting of denaturation at 95°C for 10 s, annealing at 60°C for 10 s (64°C for 5 s for mir1), and extension at 72°C for 5 s (9 s for mir1). The specificity of the amplified product was checked by analyzing the melting curves and by agarose gel electrophoresis. A nontemplate negative control was run with each set of samples to ensure that there was no significant interference of primer dimers with the product amplification or fluorescence detection. Standard curves were derived from the analysis of different sequential fold dilutions of the most highly concentrated cDNA samples for each particular gene, and efficiencies were calculated (Pfaffl 2001; Rasmussen 2001) . The expression (concentration) of target genes in each treatment sample was quantified relative to that of the reference gene using the mathematical model proposed by Pfaffl (2001) . Statistical analysis for these data was done by a mixed model analysis of variance using the MIXED procedure of SAS.
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